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Ductile failure in polycrystalline oxygen-free, high-conductivity copper is explored through uniaxial ten-
sion experiments. Specimens obtained through tests interrupted at various stages of deformation and
failure evolution are examined through quantitative microscopy to discern the mechanisms of failure
and the local strain evolution. The formation of a single rectangular prismatic channel-like cavity, and
its subsequent growth as a rectangular cavity, are demonstrated. Fractographic observations are used
to suggest that self-similar expansion of the cavity is through an alternating slip mechanism. Local strain
levels are estimated from measurements of the change in grain size with deformation and used to indi-
cate that the local values of failure strains are likely to be much larger than that estimated from strains
averaged over characteristic specimen dimensions such as the gage length or the specimen diameter.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Ductile failure in polycrystalline copper has been the subject of
numerous investigations over the past century. Failure in this con-
text is understood in the sense described by Orowan (1948): rup-
ture ‘‘is a consequence of an instability of plastic deformation
and occurs when the deformation becomes localized in a small part
of the specimen.’’ Progression of failure from the localized plastic
deformation seldom arises from breakage of primary bonds, but
from slip along crystallographic planes at the smallest scales and
is generally thought to occur by void nucleation and growth at
slightly larger scales. It is now well-known, since the early work
of Ludwik (1926), that uniaxial tensile specimens of polycrystalline
metals fail in the familiar ‘‘cup and cone’’ mode of fracture. Orowan
(1948) showed yet another mechanism of failure – based on obser-
vations by Tipper of the formation of a polyhedral transverse chan-
nel in the neck of an aluminum single crystal specimen, he
provided a mechanism of alternating slip for the formation of a
crack at the center of the necked specimen. Fig. 1 is a reproduction
of the mechanism proposed by Orowan (1948). It is well-known
that in plane-strain tension, the deformation localizes along the
characteristics (slip lines) of perfect plasticity; these are aligned
along lines inclined at 45 with respect to the direction of tension.
The rectangular opening occurs where these slip lines intersect;
Orowan observed that slip occurs initially along AB and CD with
subsequent slip along planes EB and CF. Continuation of such alter-
nating slip events results in an enlargement of the rectangular cav-
ity. Orowan (1948) suggested that failure in polycrystallinell rights reserved.
andar).materials could also occur by such alternating slip ‘‘if the plastic
deformation is concentrated in thin zones around planes of maxi-
mum shear stress’’. This suggestion appears to have not been pur-
sued in more recent literature, perhaps due to the lack of
experimental observations that carefully outlined conditions under
which such a mechanism could be of importance. For example,
Rogers (1960) examined ductile failure in OFHC copper with a
(fairly large) grain size of about 1 mm; after examination of metal-
lographic sections from uniaxial tests interrupted at various stages
of neck growth, he concluded that voids were nucleated both at
grain boundaries and in the interior of grains, and accumulated
along lines parallel to the direction of tension, at the center of
the specimen where the triaxiality was the largest; coalescence
of voids resulted in the formation of a central crack. Subsequent
growth of this crack occurred by concentration of shear at an angle
of 30 to 40 to the tensile axis, nucleation of a large number of
voids within this shear zone and their eventual coalescence; this
is called the ‘‘void-sheet mechanism’’. These void sheets zig-zag
across the central segment of the specimen and form the ‘‘cup’’
of the cup-cone fracture. Most importantly, Rogers noted that the
ﬁnal separation (the ‘‘cone’’ part) could evolve by the Orowan
mechanism of ductile failure by alternating slip, although he could
not rule out cleavage in the highly strained grain.
Puttick (1959, 1960) also explored the basic deformation and
failure mechanisms in polycrystalline copper. The material had a
grain size of about 50 lm, and contained impurities that were
introduced during the rolling process. These specimens developed
standard cup-and-cone fractures that began with the formation of
a diffuse necking localization. An image of a thickness section is
shown in Puttick’s paper (see Fig. 1 in Puttick, 1959), identifying
voids within the necked region; the average true strain at the nar-
rowest part of the neck can be estimated to be around 0.66. Using
Fig. 1. Sketch of the alternating slip mechanism of cavity growth (reproduced from
Orowan, 1948).
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particles from the copper were also identiﬁed by Puttick (1959).
The formation of a macroscopic shear band and void coalescence
within the shear band were also identiﬁed by Puttick (1960). These
careful metallographic observations clearly revealed that the
mechanism of failure in ductile materials is the nucleation and
growth of cavities in polycrystalline copper. One must, of course,
exercise caution in extrapolating this conclusion to all materials,
and even to copper with a different grain structure. For example,
do these conclusions continue to hold when the grain size is de-
creased by an order of magnitude or if the level of impurities is de-
creased? This requires very careful material characterization at
multiple scales.
Argon and Im (1975) examined a copper specimen with grain
size in the range of 20 to 30 lm; this material also contained a sec-
ond phase of Cu-Cr alloy with a particle diameter of around
0.89 lm. They estimated that the particles would debond at a
stress level of about 993 MPa; the strain level at nucleation of cav-
ities was found to be about 70% of the overall plastic strain at fail-
ure. French and Weinrich (1974, 1975, 1976, 1977) examined
failure in commercial copper and brass in a series of publications.
In a particularly interesting set of experiments, they identiﬁed that
at high superposed pressure levels (French and Weinrich, 1975),
plastic ﬂow localizes in shear into narrow bands and failure occurs
only within these bands; this appears to be in line with Orowan’s
suggestion, except for the lack of transverse channels. French and
Weinrich (1976) also examined the failure of a-brass with very
low impurity content; they identiﬁed the formation of zones of in-
tense shear deformation but could not observe any voids within
this zone by optical examination. However, the fracture surface
presented a dimpled appearance which led them to postulate that
the void-sheet mechanism in the intense shear zone must have oc-
curred very late in the deformation.
Lindholm et al. (1980) developed a torsion apparatus for sub-
jecting specimens to large strain levels at various strain rates; they
examined the shear response of thin-walled tubes of annealed
OFHC copper in the strain rate range of 0.009 s1 to about
330 s1. The grain size in the specimen ranged from about 25 to
35 lm. Specimens strained at rates below 10 s1 exhibited positive
strain and strain-rate hardening; more importantly, no localizationof deformation was observed even at a true (logarithmic) strain level
of about two. At strain rates greater than 174 s1, localized shear
deformation was observed at a strain level of about 1.6. Pardoen
and Delannay (1998) examined the failure response of commercial
Cu containing 0.2% by volume of copper oxide inclusions; the
inclusions were ellipsoidal with major and minor diameters aver-
aging 1.63 lm and 1.03 lm, respectively. They found that debond-
ing between the copper oxide particles and the copper matrix
occurred almost at the onset of plastic deformation and that failure
in this material was due to the growth and coalescence of voids.
Porosity measurements were obtained from density measure-
ments; their observations indicated that the strain at failure was
0.95 for the drawn material and 1.23 for the annealed material;
the ﬁnal porosity was also determined to be 0.009 and 0.014
respectively for the drawn and annealed materials. Pardoen and
Delannay evaluated the ﬁtness of different porous plasticity mod-
els to capture this response. It would appear that the lower strain
at failure observed by Pardoen and Delannay (1998) in comparison
to the pure shear measurements of Lindholm et al. (1980) is a
reﬂection of the role of stress state and defects in localizing defor-
mation and failure. However, French and Weinrich (1977) had also
examined commercial copper with a large concentration of 3 lm
diameter copper oxide particles but found that the mechanisms
of deformation within zones of shear localization were very similar
to that in a-brass with very few inclusions. They found that only
those voids that were within the shear zones grew and coalesced
to form the fracture. There are numerous other investigations of
the compressive response of OFHC copper at high strain rates
(see for example, Follansbee and Kocks, 1988; Tong and Clifton,
1992; and Nemat-Nasser and Li, 1998), but most of these explore
constitutive behavior and do not address the issue of ductile
failure.
In the present work, our objective is to provide a fundamental
examination of the deformation and fracture processes in high pur-
ity, oxygen-free, high-conductivity copper. The main reason for
such an examination is that since the methods of characterization
of microstructural features have improved signiﬁcantly in the past
few decades, the ability to make quantitative observations of fail-
ure phenomena at multiple scales has increased enormously. For
example, we combine digital image acquisition technology, image
compositing, and statistical processing methods to obtain quanti-
tative information about strains down to the level of individual
grains. Using such techniques, we obtain estimates of grain rota-
tions and strains over the entire region of localized deformation.
We examine OFHC Copper as a material with very few impurities;
follow-on studies will explore materials with a distribution of sec-
ond phase particles.
In this paper, we describe the deformation and failure response
of OFHC copper. The experimental methods used in this investiga-
tion are described in Section 2. The response of the material in a
uniaxial tensile test is described in Section 3. The macroscopic re-
sponse is rather well-known; the deformation localizes through a
necking instability. Through a series of interrupted tests, a number
of specimens at different stages of neck development were ob-
tained and examined to determine the strain evolution quantita-
tively. The evolution of deformation localization and strains
within the grains is also described in Section 3. The nucleation
and growth of a single central cavity through the Orowan mecha-
nism of alternating slip rather than homogeneous void growth is
demonstrated to be the dominant mode of failure in this material.
The failure mechanisms are examined through scanning electron
microscopy. Finally, numerical simulations performed within the
framework of continuum plasticity are described in Section 4;
these results are used to outline the conditions at the onset of
nucleation of the central cavity and to identify the mechanisms
of growth (enlargement) of the cavity.
Table 1
Grain size statistics in the OFHC Copper.
Plane Mean-lm Standard Deviation -lm
Major axis Minor axis Major axis Minor axis
y-z 62 27 27.7 13.1
x-y 90 42 32.9 19.0
x-z 80 26 33.7 13.5
A. Ghahremaninezhad, K. Ravi-Chandar / International Journal of Solids and Structures 48 (2011) 3299–3311 33012. Experimental methods
The material used in this investigation is an oxygen-free, high-
conductivity copper, with the designation Cu-102 (3/4 hard); this
material is used as an example of a ductile material that contains
very few impurities in the form of precipitates, second-phase par-
ticles or grain-boundary phases. The raw material was purchased
from a 99.95% pure, 1/4 inch thick plate stock and cut to 1/2  1/4
inch cross-sectional dimensions. The x-y-z coordinates are taken
to be aligned along the longitudinal (rolling), width (transverse)
and thickness (short-transverse) directions. The initial grain size
distribution was obtained by etching the specimen in Copper Etch-
ant #1 for 45 s; this makes the grains clearly visible. Representa-
tive optical micrographs of the copper stock in the x-y, x-z and
y-z planes are shown in Fig. 2a–c. Quantitative image analysis
was performed using the software NIH ImageJ in order to deter-
mine grain size distributions; the lengths of the major and minor
axes of an equivalent ellipse were extracted from this measure-
ment. The distribution of the minor axis of the equivalent grain
along the x-z plane is shown in Fig. 2d; the mean value and stan-
dard deviation of the major and minor axes of the equivalent ellip-
tical grain distributions are listed in Table 1. The rolled copper has
an anisotropic grain size distribution. In particular, the grains are
elongated in the x-direction, with mean values in the range of 80
to 90 lm; they are also wider in the y-direction (with a mean of
40 to 60 lm) in comparison to the z-direction (with a mean of
26 lm). Therefore, we expect the material to exhibit transversely
anisotropic response. We note that this characterizes only the
geometry of the grains; evolution of grain orientation and crystal-
lographic texture occurs at large deformations as indicated by thex 
y 
z
y
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Fig. 2. Microstructure of OFHC copper in the (a) x-y. (b) x-z, and (c) y-z planes. The (x,y
distribution of equivalent ellipse minor axis in the three directions is shown in (d).plane strain compression test simulations reported by Anand and
Kalidindi (1994). Such crystallographic texture evolution has not
been examined in the present work.
Dog-bone type uniaxial tensile specimens were machined from
the rolled plate stock. Specimens of rectangular cross-section
(w = 11.14 mm, gage length was 76.20 mm, and t = 6.46 mm) were
machined for these tests; the geometry of the specimen is shown
in Fig. 3a. In some of the tests, the rectangular stock was used
‘‘as-is’’, without narrowing down the gage-section; this did not af-
fect the sequence of events observed. Two specimens with a circu-
lar cross-section (diameter = 5.55 mm) machined from the same
stock were also tested.
Damage evolution in these copper specimens was examined
through optical and scanning electron microscopy on interrupted
tests. In order to obtain a detailed picture of the deformation at
the level of grain size, the specimens obtained from interrupted
tests were sectioned, polished, and etched to reveal the grain
boundaries in the x-z and x-y planes; images of the grains at differ-
ent macroscopic strain levels were analyzed to obtain grain orien-
tations and strains in a statistical sense. There has been a recent
spurt of activity in grain-based strain evaluation, using the digital0 10 20 30 40 50 60 70 80 90 100 1100
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Fig. 3. (a) Diagram of the rectangular cross-section specimen; all dimensions are in
mm. The thickness of the specimen is 6.46 mm. (b) Variation of the nominal stress
vs cross-head displacement, D, normalized by the gage length, L, for OFHC copper
specimen. Point A corresponds to the peak load; four different specimens were
tested and unloaded from the points B, C, D and E. These specimens were used for
microstructural examination.
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In particular, these techniques rely on obtaining an image of the
grains, with an embedded or superposed grid or speckle pattern
deposited on the specimen surface, both before and during differ-
ent stages of deformation. The deformed image is then correlated
with the undeformed image in order to extract the surface strain
ﬁeld. The thrust of these studies has been to examine the nature
of heterogeneity of deformation at the grain level and to identify
the typical size of the representative volume element over which
homogenization may be performed in order to apply continuum
theories of material behavior. In contrast, our objective is to track
the strains at the individual grain level, to correlate these strains
with onset of microscopic failure processes, and to make a correla-
tion with macroscopic strain localization in a statistical sense; this
requires destructive tests and can be accomplished only through
interrupted tests.1 High resolution image mosaics are available at the Supplementary Materials site
of the journal; these images provide a detailed view of the strain evolution in the
material all the way to failure.3. Results and discussion
Numerous investigators have observed and modeled the re-
sponse of ductile materials under uniaxial tension. We summarize
the main observations in order to place the present results in the
proper context. Under uniaxial tensile loading, the deformation re-
mains homogeneous even after the onset of plastic deformation, if
the material exhibits a strain-hardening response. With continued
straining, a limit load is reached at the Considère point with a dif-
fuse neck appearing almost immediately beyond this strain level.
As the neck grows further, the triaxiality (deﬁned as the ratio of
the mean stress to the effective stress) increases from one third
to just around one; cavities are expected to nucleate at the center
of the necked region, grow and coalesce into a crack like object;
further failure is inﬂuenced by the growth of this crack. When
the remaining ligament becomes small, shear localization occursat about 45; material separation in this shear zone occurs by a
‘‘void-sheet’’ mechanism – collective growth and coalescence of
voids in this shear localized plane. In specimens of circular cross-
section, the result is the commonly observed ‘‘cup and cone’’ frac-
ture. In specimens that are of rectangular cross-section, another
instability is observed: within the diffuse necked region, highly
localized shear bands develop in the x-z plane; such localization
occurs most clearly in the plane-strain tension tests (see Clausing,
1970; Anand and Spitzig, 1980; Spencer et al., 2002, for experi-
ments and Tvergaard et al., 1981 for simulations). Further defor-
mation is concentrated within the shear bands resulting in
eventual failure along these shear bands (also by the void-sheet
mechanism). In the present work, cylindrical specimens of rectan-
gular and circular cross-sections are used; the progression of defor-
mation is similar to that reported by others. The main point of
departure, and therefore the focus of the present work, is on the
development of ﬁnal failure.
3.1. Uniaxial tension test
The results of uniaxial tensile tests on OFHC Copper specimens
are discussed ﬁrst. Fig. 3b shows the nominal stress (force/initial
cross-sectional area) vs normalized crosshead displacement varia-
tion that is typical of such tension tests. Since this material exhibits
very little strain hardening, uniaxial deformation becomes unsta-
ble at very small global strain levels; corresponding to the peak
load at point A, a diffuse neck develops at some location in the
specimen and all further deformation occurs within the necked re-
gion. Beyond this point, the overall load decreases gradually at ﬁrst
and then more rapidly towards ﬁnal failure. The question of when
and what kind of damage, if any, occurs within the highly de-
formed necked region of the specimen must be examined carefully
in order to develop appropriate failure models. In order to accom-
plish this, specimens were unloaded after deforming them through
increasing amounts of strain, and sectioned to reveal the deforma-
tion across the x-y and x-z planes of the specimen. These specimens
were then prepared for metallographic examination by mounting,
polishing and etching in Copper etchant #1, following standard
procedures. Figs. 4–7 show images of the x-z and x-y sections of
the specimen at different stages of neck evolution; these images
correspond to points labeled as B, C, D, and E in the load-elongation
diagram in Fig. 3. These images were obtained in a Nikon Eclipse
microscope at a magniﬁcation of 200; for each specimen, between
eighty and one hundred images were captured over a large region
and assembled into one high-resolution image covering the entire
necked region.1 As a result of the etching process the grain bound-
aries are easily identiﬁed in these images; visual observation pro-
vides ample evidence of large strains, large rotations in the region
of the neck, and a shear localization in certain areas of the neck. It
is evident that a highly nonhomogeneous state of strain is estab-
lished in the necked region. There are a number of striking observa-
tions that can be made from these micrographs.
 Fig. 4 shows an image of an x-z section across the necked region
of the specimen corresponding to the point B in the load elon-
gation diagram. The diffuse neck has formed, but the shear
localization across the specimen has not yet appeared. By trac-
ing lines tangent to the grains, the early stage images can be
used to visualize the streamlines of plastic ﬂow. As shown by
the highlighted white rectangle, some grains near the specimen
free surface exhibit early traces of shear localization.
Fig. 4. Micrograph showing an x-z section of Specimen B. The grain ﬂow is revealed
by etching with copper etchant #1. Note that this image is obtained by assembling
about 100 individual microscopic images; the dark horizontal lines are an artifact of
the process of compositing these images. The region inside the white box is shown
in high magniﬁcation in Fig. 15a. See Supplementary Materials for a high resolution
image of this ﬁgure.
Fig. 5a. Micrograph showing an x-z section of Specimen C. The grain ﬂow is
revealed by etching with copper etchant #1. The regions I and II inside the white
boxes are shown in high magniﬁcation in Fig. 15b and Fig. 9 respectively. In
addition to the necked proﬁle, it is possible to identify shear strain localization
across the specimen in two bands oriented roughly at 45 to the tensile axis.
Furthermore, a rectangular cavity can be seen at the center of the specimen. The x-y
section view along the dashed red line is shown in Fig. 5b; grain measurements
were performed along the red lines labeled Line 1, Line 2 and Line 3. See
Supplementary Materials for a high resolution image of this ﬁgure.
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to the point C in Fig. 3 are shown in Figs. 5a and 5b; the grain
width (dimension in the specimen thickness direction) can be
seen to have decreased signiﬁcantly all over the necked region
from its original size shown in Fig. 2. Large grain rotations can
also be observed in these images. We will evaluate the grain ori-
entation variation and the strains quantitatively in Section 3.2
to determine the local strains at the level of the grains.
 The macroscopic deformation appears to be concentrated along
the two characteristics of plane-strain plasticity (Figs. 5a and 5b
show the x-z and x-y planes, respectively). Very large grain rota-
tions and signiﬁcant thinning of the grains can also be seen in
this image in Fig. 5a. A high magniﬁcation image of the region
marked with a white rectangle labeled ‘I’ in Fig. 7 is shown in
Fig. 8 which shows the strain localization zone. Such concen-
trated shear zones have been observed in high purity copper
by French and Weinrich (1975) who performed tensile tests at
high pressures; micrographs of etched longitudinal sections
shown in their work bear signiﬁcant similarities to the ones
shown in Fig. 5a.
 Quite remarkably, a single cavity is nucleated at the center of
the necked region (Fig. 5a); it is well-known from Bridgman’s
early work that a high triaxial stress arises at the center of the
neck.2 In the present experiment, due to the intersection of the
two planes of shear localization at the center of the specimen,
an even larger triaxiality is expected; hence voids, if they nucle-
ate, must do so at this location. However, the surprising observa-
tion is that unlike the typical nucleation of multiple ellipsoidal
voids (of the type shown by, for example, Puttick, 1959), a pris-
matic void with a rectangular cross-section appears. The macro-2 Numerical simulations described in Section 4 indicate that the triaxiality at the
center of the necked region in the specimen is about 1 to 1.05.scopic boundaries of the rectangular void appear to be oriented
along the plane-strain slip directions. The x-y section of the spec-
imen along the dashed red line in Fig. 5a is shown in Fig. 5b; this
reveals the prismatic nature of the cavity. However, it is not clear
that the macroscopic ﬁeld is the driver in the generation of the
rectangular cavity. Even in specimens with an initially circular
cross-section, the nucleation of the central cavity breaks the glo-
bal symmetry and a rectangular prismatic void of the type shown
in Fig. 5a was observed! The local symmetry due to grain orien-
tation or anisotropy effects appears to dictate the initial develop-
ment of slip and hence determine the orientation of the
macroscopic rectangular cavity.
 Beyond nucleation of the central rectangular cavity, its further
growth is even more remarkable in its self-similarity – as
shown in Figs. 6a and 7, the rectangular cavity simply becomes
larger! Fig. 6b shows the x-y plane section of the specimen
across the dashed red line in Fig. 6a; the prismatic nature of
the cavity is evident from this ﬁgure. A small number of ellipsoi-
dal voids are observed to be distributed at grain boundaries in
the vicinity of the enlarging central void. However, it is clear
that void growth and coalescence along the lines required for
applicability of homogenized models of porous plasticity cannot
be the applicable failure mechanism. In fact, outside of the
growing rectangular cavity, very little damage is observed in
the specimen. Spencer et al. (2002) noted a similar polygonal
cavity in the interior of an annealed Al 5754 Al-Mg alloy with
very low impurity content. The failure mechanism appears
more likely to be along the lines of the alternating slip conjec-
tured by Orowan (1948); we will explore this further through
microscopy in Section 3.3.
 Comparison of the grain size across the specimen thickness in
Fig. 6a and 7 points to a very important aspect of the material
Fig. 5b. Micrograph showing an x-y section of Specimen C; this section is taken
along the dashed red line in Fig. 5a. The grain dimensions are revealed by etching
with copper etchant #1. The fact that the grains are elongated and that the grains
are rotated in the shear band can be observed easily; also the prismatic nature of
the channel can be inferred from this section.
Fig. 6a. Micrograph showing an x-z section of Specimen D. The grain elongation is
revealed by etching with copper etchant #1. The x-y section view along the dashed
red line is shown in Fig. 6b. The rectangular cavity maintains its symmetry and
enlarges. Other shear localized zones are also visible at the free surfaces of the
specimen. See Supplementary Materials for a high resolution image of this ﬁgure.
Fig. 6b. Micrograph showing an x-y section of Specimen D; this section is taken
along the dashed red line in Fig. 6a. The prismatic nature of the channel can be
readily seen from this section.
Fig. 7. Micrograph showing an x-z section of Specimen E. The rectangular cavity
continues to maintain its symmetry until complete failure of the cross-section.
Material points corresponding to the upper and lower fracture surfaces are
identiﬁed by upper and lower case letters. The regions I and II inside the white
boxes are shown in high magniﬁcation in Figs. 8 and 15c respectively. See
Supplementary Materials for a high resolution image of this ﬁgure.
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the relatively large plug of lightly deformed material are easily
observed in Fig. 5a; for a very low hardening material, after for-
mation of the shear localization, further deformation should
occur only in the shear band and the plug should simply move
as a rigid body. For example, numerical simulations of the
plane-strain tension test by Tvergaard et al. (1981) show the
formation of such an unloaded wedge. This would also be the
case if the void-sheet mechanism is the appropriate failure
mechanism. However, in our experiment, with further deforma-
tion of the specimen, the material that was originally within the
plug region continues to get sheared and at the end stage of the
deformation in Fig. 7, the plug region has disappearedcompletely. One must seek a different mechanism of cavity
expansion to allow continued straining of the material in the
‘‘plug’’ region.
 At ﬁnal fracture, the nearly rectangular prismatic shape of the
cavity is maintained on the fracture plane as shown in Fig. 7.
From identiﬁcation of the grain ﬂow lines on the broken
specimen, the corresponding points on the upper and lower
parts – labeled with upper and lower case letters in Fig. 7
– can be identiﬁed quite easily. This is seen more clearly in
the magniﬁed image of the region labeled ‘II’ in Fig. 5a, shown
in Fig. 9; the red lines indicate the alternating slip path taken
by the crack, and the white dashed lines show the cavity expan-
sion. It appears that the 90 corner is growing self-similarly, like
a crack, but the growth appears by the Orowan alternate slip
mechanism; we will examine the fracture surface in detail to
obtain evidence for this mechanism.
Fig. 8. High magniﬁcation image of Region I in Fig. 7.
Fig. 9. Detailed image of the Region II in Fig. 5a, showing the tip of the rectangular
cavity. The corresponding grains on the upper and lower fracture surfaces are
shown by the upper and lower case letters, respectively. The alternating slip
mechanism of crack extension is sketched by the red line; the expansion of the
rectangular cavity is indicated by the white dashed lines. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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Fig. 10. Histogram of grain size in the x-z direction of the unstrained material is
compared with the histogram of grain sizes measured along Line 4 of Fig. 7,
including the shear localized region.
3 The effect of grain rotation has been corrected, and the deformed grain thickness
was calculated in the rotated frame of the grain.
4 This assumes plane-strain conditions, which are only approximately satisﬁed in
this rectangular cross-section. Nevertheless, this represents a lower bound for
equivalent strain estimate.
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evolution of the grain; crystallographic changes have not yet been
examined. The latter is necessary to reveal the planes and orienta-
tions along which slip occurs in order to accommodate growth of
the rectangular cavity. We now turn to each one of these
observations and provide further qualitative and quantitative
interpretations.
3.2. Measurement of grain rotations and strains
We develop simple schemes to convert the qualitative observa-
tions discussed above into quantitative measurements of grain
rotations and grain size measurements. The grain size measure-
ments can be interpreted in terms of an average strain measure;
note that this can be done only in a statistical sense since we have
images of the grain only from interrupted tests. This is accom-
plished using the following procedure: ﬁrst, the average and stan-
dard deviation of the grain size in the initial microstructure were
estimated from the images of the kind shown in Fig. 2 and are indi-
cated in Table 1. Next, the location of each grain boundary wasidentiﬁed visually along horizontal lines such as Lines 1–3 in
Fig. 5a and Line 4 in Fig. 7 and captured into a data ﬁle using a
MATLAB code. Far away from the neck, the grain boundaries are
all nearly vertical (along the rolling direction). At the minimum
thickness location, the grains are once again vertical. However,
the regions in between the two clearly exhibit large grain rotations
within the shear bands. At every grain boundary, the slope of the
grain boundary was also measured by identifying three points in
the neighborhood on the grain boundary and obtaining the best
ﬁt slope. Such grain orientation measurements are necessary to ob-
tain proper estimates of the strain in the direction parallel and per-
pendicular to the grains.
Strain estimation requires a bit more care; the grain size along
each horizontal line was estimated from the manually identiﬁed
grain boundary locations. The distribution of the equivalent ellipse
minor axis along Line 4 in Fig. 7 is shown in Fig. 10; for comparison,
the distribution in the x-z plane of the unstrained material is also
shown in this ﬁgure. It is clear that the average value of the equiv-
alent minor axis that was in the range of 26 lm in the initial micro-
structure has decreased to about 4 lm within the shear band.3
While this is indicative of a large strain, it represents an average over
the entire length of Line 4; but even larger strains must occur within
the bands; therefore, we extract a statistical measure of the local
strain. The variation of the grain size across the Lines 1–3 in
Fig. 5a and Line 4 in Fig. 7 was obtained, and divided by the mean
grain size in the x-z direction to obtain an estimate of the strain
in the thickness direction et ¼ lnðt=bT Þ, where bT is the mean initial
grain size and t is the size of the deformed grain; assuming that
the strain in the width direction (y-direction) is zero,4 the equivalent
plastic strain can be estimated to be eeq ¼ ð2=
ﬃﬃﬃ
3
p Þ lnðbT=tÞ; this varia-
tion is plotted in Fig. 11 as open symbols. Note that there is quite a
large scatter; this, however, does not arise from errors in experimen-
tal measurements. Rather, this is inherent in the process, since we
divide the current grain size by the average initial grain size. In order
to interpret this strain data better, the deformed grain was averaged
over ten grains to obtain the mean deformed grain width, t^10 and the
standard deviation, Dt^10. Then best estimate for the true strain in the
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Fig. 11. Spatial variation of the equivalent plastic strain along Lines 1–3 of Fig. 5a and Line 4 of Fig. 7. The open symbols indicate the strain estimate based on each grain while
the red line is a strain estimate averaged over every ten grains. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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et ¼ lnðt^10=bT Þ and Det ¼ ½ DbT=bT
 2
þ ðDt^10=t^10Þ21=2, respectively, where
DbT is the standard deviation of the initial grain size; the correspond-
ing equivalent plastic strain can be estimated to be1.00, 0.70
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Fig. 12. Johnson–Cook failure criterion for OFHC copper (with parameters from
Johnson and Cook, 1985). The red dashed line indicates that failure was observed at
a strain level of2.5 near the notch tip with a triaxiality in the range of one to three.
The red open circle indicates that a strain of about 3.5 was measured in the region
of the shear band, where the triaxiality is 0.667; however, since these points did
not exhibit damage/failure, we mark an arrow to suggest that the failure strain
should be higher than 3.5. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)eeq ¼ 2=
ﬃﬃﬃ
3
p 
lnðbT=t^10Þ. The variation of this estimate of the equivalent
strain across the Lines 1–3 of Fig. 5a, and Line 4 of Fig. 7a is shown in
Fig. 11 by the red solid lines; the estimated standard deviation is
within the range of 0.5–0.8. Of particular interest are Line 3 that cor-
responds to the tip of the rectangular cavity tip and Line 4 that
passes through the shear band in the most deformed stage observed
in the present tests. The maximum strain in the notch tip in Line 3 is
estimated to be eeqjmax = 2.5 ± 0.5 and decays away from the notch.
Large strains and strain gradients arise in the shear band as readily
identiﬁed from Fig. 11. The maximum recorded strains within the
shear band are about eeqjmax = 3.75 ± 0.5. Remarkably, it should be
noted that there is no sign of material failure/damage within the shear
banded region by any mechanism such as cavitation or cleavage at these
extremely large strain levels and therefore we may only take this esti-
mate to be a lower bound for the failure.
The large local strains measured above are in stark contrast to
reported strain-to-failure values based on measurements averaged
over the specimen diameter. The failure strain, ef for the Johnson-
Cook failure criterion for isothermal conditions is written in
the following form: ef ¼ ½D1 þ D2 expðD3rm=reÞ½1þ D4 lnð _e= _e0Þ,
where rm is the mean stress, re is the von Mises effective stress,
_e is the strain rate, _e0 is the reference strain rate (taken to be unity)
and D1 to D4 are material constants. The material constants for
OFHC copper are: D1 = 0.54, D2 = 4.89, D3 = 3.03, and D4 = 0.014
(Johnson and Cook, 1985). The variation of the failure strain with
triaxiality T = rm/re is shown in Fig. 12. This strain-to-failure is
consistent with the reports of Puttick (1960) and Pardoen and
Delannay (1998) for uniaxial tension.
Now, let us consider the strains measured at the grain level.
From the numerical analysis discussed in Section 4, the triaxiality
Fig. 13. SEM images of Specimen E. (a) Low magniﬁcation overview of the specimen, viewed in the x-direction. (b)–(e) High magniﬁcation images of regions marked in (a).
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maximum strain level is around eeqjmax = 3.75 ± 0.5; but there is
no hint of failure or even damage in this region indicating that
the strain-to-failure is even higher. On the other hand, along the
Line 3 in Fig. 5a, the triaxiality is expected to be as high as 3, in
the vicinity of the notch (similar to that near a crack) and to decay
away from this point. The average strains measured are around
eeqjmax = 2.5 ± 0.5; since the rectangular cavity grows with contin-
ued loading, it might be appropriate to suggest that the strain to
failure at high triaxiality is in this range. We conclude that strain
measures averaged over some specimen length (gage length, diam-
eter/thickness etc) are not representative of the local strain to fail-
ure and should be used with great caution when simulating local
failure. In particular, what is commonly taken to be an experimen-
tal measure of the strain-to-failure is merely an average over the
specimen dimension and is not suitable as a calibration of the local
strain to failure. The strain measured in the present work provides
a lower bound on failure and is a better estimate of the strain to
failure since it is based on measurements at the level of the grain;
we will explore this further in Section 4.
3.3. Mechanism of growth of the central rectangular cavity
In order to determine the mechanism of growth of the rectan-
gular cavity, the fracture surface was examined in a scanning elec-
tron microscope. A low magniﬁcation SEM image of the fracturepattern, viewed in the x-direction is shown in Fig. 13a. The fracture
surface exhibits two distinctly different surface features; points
corresponding to labels ‘a’, ‘b’, ‘c’ and ‘d’ in Fig. 7 are marked on
the fractograph as well. The fracture surface from ‘a’ to ‘b’ is slanted
with respect to the x axis by about 45, while the fracture surface
from ‘b’ to ‘c’ is oriented at different angles with respect to the
x-axis. Higher magniﬁcation images of the two types of surfaces
are shown in Fig. 13b–e. The slanted fracture surface was optically
reﬂecting, with very few visible defects; scanning electron micro-
graphs of this surface shown in Fig. 13b, d and e at increasing mag-
niﬁcations also reveal a very smooth surface. Dimples that are
characteristic of void nucleation, growth and coalescence are not
seen on this surface. Also, there is no evidence of cleavage facets
on the fracture surface; in fact, there are no visible traces of the
grain boundaries that can be observed! There are a few isolated
voids; we infer from optical microscopy on the x-z planes that
these are at the grain boundaries. These voids do not seem to play
any role in the fracture; the fracture plane merely slices through
the voids or the voids are created after the fracture surface is
formed. At extremely high magniﬁcation (Fig. 13e), the fracture
surface exhibits a terraced appearance; the steps appear to be
about 50 to 200 nm in width, the height of the steps is not resolved
in this imaging scheme, but one suspects that this is of the same
order. These features suggest that the failure on the shear planes
must have occurred by Orowan’s alternating slip mechanism as
illustrated in Fig. 9. In contrast to this, the fracture surface between
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pected from the void nucleation, growth and coalescence mecha-
nism of fracture. It must be noted that, in fact, the SEM image is
a projection of the entire surface between ‘b-g-c’ as labeled in
Fig. 7. The optical image of the x-z plane clearly indicates that there
are very few voids just below the fractured surface ‘b-g-c’ and
therefore the voids and dimples observed in Fig. 13 appear only
very close to or on the fracture plane.
It is clear that there are two mechanisms for the extension of
the central cavity – one driven by shear and the other by cavity
growth. It remains to resolve the sequence of their occurrence
and the mechanism of shear induced enlargement of the rectangu-
lar cavity. We sectioned the specimen unloaded from the point D,
and observed the fracture surface; it exhibits predominantly the
shear dominated growth of the rectangular cavity implying that
the void dominated crack growth is a later event. We now illustrate
the Orowan mechanism governing the nucleation and growth of
the single rectangular cavity, and then present an argument based
on grain rotations for the generation of the dimpled fracture sur-
face. This will be substantiated through a simple numerical simu-
lation in Section 4 that makes the proposed mechanisms plausible.
A schematic diagram of rectangular cavity expansion by the alter-
nate slip mechanism is shown in Fig. 14. At two of the tips of the
rectangular cavity, labeled A and B, the tensile stress concentration
is quite large. However, at these locations the grains are oriented
parallel to the direction of maximum tension; furthermore, these
grains have undergone very large strains (greater than 2) and
therefore signiﬁcantly strain-hardened. Cleavage fracture is difﬁ-
cult (and there is no fractographic evidence for this), but separation
could occur by crystallographic slip processes. Of course, the local
slip planes will certainly not be aligned with the global alternating
slip directions illustrated in Fig. 14, and therefore the macroscopic
slip will be stepped along crystallographic planes; we believe that
the stepped appearance of the fracture surface is a reﬂection of this
process. In contrast, at the other two tips of the rectangular cavity,
labeled C and D, the maximum tension is signiﬁcantly lower;
hence, these two tips do not ‘‘grow’’ in the early stages of deforma-
tion. However, the grains at these locations are oriented nearly
perpendicular to the direction of maximum local tension;A
B
C
D
Fig. 14. Sketch illustrating grain orientation (in dashed red lines) near the four
corners of the rectangular cavity. The blue lines indicate sequential opening of the
rectangular cavity by alternating slip along the solid red lines. At the two corners
labeled A and B, the grains are oriented in the direction of tension and the crack
extends by alternating slip; at the other two corners, the grain are perpendicular to
the line of tension and a void growth mechanism seems to be triggered at some
point. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)therefore, there is the possibility for cracks to grow along the grain
boundaries by nucleation of cavities. The largely dimpled fracture
surface seen along ‘b-g-c’ is then the result of cavity growth and
coalescence in this region.
3.4. Surface roughness generation at large deformations
The outer surfaces of the specimen exhibit a dimpled, orange-
peel type appearance (see the scanning electron micrograph in
Fig. 13a); here we examine the mechanism of formation of such
surface texture. Continuum analysis of stability of deformations
near a free surface, such as the bifurcation analysis of Hutchinson
and Tvergaard (1980), has identiﬁed the onset of surface instabili-
ties on a half space under plane-strain conditions; their results
indicate that for a power-law hardening material, r = ken, surface
instabilities may be triggered when the strain exceeds a critical le-
vel that depends on the strain hardening exponent n (beyond the
Considère limit). For the OFHC copper considered in the present
work, n = 0.016; the bifurcation analysis of Hutchinson and
Tvergaard (1980) indicates that surface instabilities are to be ex-
pected when the strain parallel to the surface reaches about
0.094. It is also well-known that plastic deformation causes signif-
icant changes in the surface roughness; for example, Shimizu and
Abe (2001) have examined the change in roughness by using topo-
graphic measurements. More recently, Stoudt and Hubbard (2009)
showed that the surface roughness in an aluminum alloy increased
from sub-micron levels to something in the range of ±10 lm as the
strain increased to near the failure levels. Such roughening is
clearly due to variations in the grain level strain evolution; these
ﬂuctuations can eventually lead to strain localization. The dimples
observed in the copper specimens are of similar origin. In this
section, we examine the mechanism of formation of the surface
texture and demonstrate that for the OFHC copper, this is
fundamentally a process of creation of new surfaces by the alternat-
ing slip mechanism of Orowan.
Highmagniﬁcation images of the surface of the necked region of
the specimen are shown in Fig. 15; the source locations of these
images are marked by the white rectangles in Figs. 4, 5a (Rectangle
I) and 7 (Rectangle II). Even at the early stages of overall straining
of the specimen, the surface grains indicate large gradients in grain
rotation as can be seen in Fig. 15a inside the highlighted box; there
is just a hint of onset of strain localization in this ﬁgure. As global
straining and the diffuse neck growth continue, deformation local-
izes at numerous points on the specimen surfaces; this is exempli-
ﬁed by the region shown at high magniﬁcation in Fig. 15b and c.
The dashed white line in Fig. 15c indicates the ‘‘shear band’’ across
which there exist large gradients in the grain rotations; from
changes in the grain width, one can also infer that the strains are
signiﬁcantly larger inside the band than outside, as already dis-
cussed in Section 3.2. Other similar shear bands in different stages
of development are visible all along the surface of the specimen as
one may verify from the high resolution images in the Supplemen-
tary Materials section of this paper. After further straining, a crack
appears between grain boundaries at the location indicated by the
arrow in Fig. 15c. Such cracks appear to have little to do with the
overall failure of the specimen since the central rectangular cavity
dominates the overall failure of the specimen as discussed in
Section 3.3.
Careful examination of the specimen surface and correlation to
these sectioned images indicates that the dimples observed on the
surface are really the creation of new surfaces at the locations
where the shear bands intersect the free surface. As indicated ear-
lier, by tracing lines tangent to the grain boundaries, one can ob-
tain the streamlines of plastic ﬂow; two such streamlines are
indicated in Fig. 15b by the red dashed lines. Noting that one
streamline comes extremely close to the specimen free surface at
Fig. 15. Detailed images of the regions outlined by the white rectangules in Figs. 4, 5a and 7, showing the shear localization near the surface of the specimen. Streamlines are
traced by the dashed red lines. The creation of new surfaces by the alternating slip mechanism is identiﬁed. See Supplementary Materials for high resolution images.
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we conclude that a new surface must have been created between
the points labeled ‘a’, ‘b’ and ‘c’. Another way of explaining this is
to note that these streamlines correspond roughly to the tenth
and fourteenth grains from the specimen free surface at locations
that are far away from the point ‘b’, but at this location, one
streamline comes to a free surface, while the other streamline is
at the second grain from the surface at ‘b’; this is only possible if
the other twelve grains separated, created new surfaces and ro-
tated away to form the line segment from ‘a’ to ‘b’ and from ‘b’
to ‘c’. High magniﬁcation scanning electron micrographs of the re-
gions between ‘a-b-c’ indicate a stepped (or terraced) surface sim-
ilar to that shown in Fig. 13e, suggesting that the alternating slip
mechanism of Orowan is the operating mechanism as well in cre-
ating the free surfaces; this new surface presents an extremely
highly reﬂecting surface and is the reason for the textured surface
appearance. The best example of the Orowan mechanism can be
seen on the free surface on the right side of the neck in Fig. 6a.
Since we observe numerous such surface localizations, but only
one set of shear bands that go across the specimen, we surmise
that the nucleation of shear localization must appear at the surface
of the specimen ﬁrst; further investigations are necessary to con-
ﬁrm this conjecture.
4. Numerical simulations
We perform a numerical simulation of the uniaxial tensile test;
quantitative comparison of this simulation to the experiments is
extremely difﬁcult. First, it is very difﬁcult to obtain a properly cal-
ibrated plasticity model that can be extended to the large strain
levels that have been measured at the grain level. Second, the grain
distribution measurements above indicate signiﬁcant initial
anisotropy; furthermore, the large strains and rotations inducean evolving anisotropy as well. Third, it is not clear how the alter-
nating slip mode of failure can be modeled numerically. Neverthe-
less, based on our conjecture that the material must continue to
strain harden even at large strain levels, we use a simple power-
lawmodel for the response of copper; in the absence of a calibrated
model, we are forced to ignore the anisotropy of the material. Fail-
ure is handled by a critical strain-to-failure criterion, although it is
clear that this is deﬁcient in the sense that it is scale sensitive; we
motivate its use by observing that no signiﬁcant damage was ob-
served in the copper specimens at regions away from the failure
planes. Furthermore, grain-level strains measured in the experi-
ments provide a suitable length scale over which this failure crite-
rion may be applied. Since we know that the Johnson–Cook model
underestimates the local strain to failure, we attempt to mimic the
experimentally observed behavior discussed earlier: we assume
that no failure occurs as long as the triaxiality is below unity and
that for larger triaxialities, failure is triggered at a constant effec-
tive strain level of 2.5 (see Fig. 12). It should be evident that the
immediate consequence of this criterion is that failure will be sup-
pressed along the shear bands, but at the center of the specimen,
where there exists a triaxiality of nearly unity, nucleation of a cav-
ity will be triggered. A plane-strain simulation is performed with
the aim of identifying the stress state at the four corners of the
rectangular cavity to help in understanding the shear dominant
crack growth mechanism at two of the tips while triggering void
dominant crack growth at the other two tips.
The uniaxial tensile specimen is discretized with a graded mesh
that contains a ﬁne mesh region where the necking localization oc-
curs; linear elements, with reduced integration, are used in the for-
mulation. The minimum mesh size is 20 lm in the plane strain
simulation. Evolving texture and anisotropy are ignored, and the
standard J2 incremental plasticity theory with a power law harden-
ing response (with n = 0.016) is used to represent the material
Fig. 16. Results of the plane-strain ﬁnite element simulation incorporating isotropic J2 plasticity and element deletion failure model. The equivalent plastic strain, triaxiality
and maximum principal stress at different stages in the loading are shown.
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imposition of a strain-to-failure based on grain based estimates
discussed above should be an acceptable approximation. The sim-
ulations were performed in ABAQUS v6.9 Explicit.
The variation of the nominal stress vs displacement from the
plane strain simulation cannot be compared quantitatively with
the experimental result, but exhibits all the qualitative features.
In particular, the appearance of the peak load at point A, and the
gradual drop in load as the diffuse necking localization grows (until
the point labeled B in Fig. 3) are predicted; it should be noted that
this response corresponds to plastic deformation and no damage/
failure model is necessary to replicate these aspects of the re-
sponse. Quantitative comparison is not possible in the absence of
proper calibration of the strain hardening behavior as well as
tracking of the anisotropy and texture evolution. Contour plots of
the equivalent plastic strain, the stress triaxiality, and the maxi-
mum principal stress are shown in Fig. 16 at four different stagesof loading – diffuse necking, shear localization and rectangular cav-
ity formation, growth of the rectangular cavity, and ﬁnal separa-
tion. It is clear that a neck appears ﬁrst (Fig. 16a), with an overall
shape that is comparable to that seen in the experiment (Fig. 4).
This is followed by the emergence of the shear localization within
the necked region (with some hint of this already present in
Fig. 16a), again similar to the experimental observation in Fig. 5a,
and also similar to the simulations of Tvergaard et al. (1981). At
this stage, the stress-state in the center of the specimen has a tri-
axiality of around unity and the failure criterion is activated in the
central part of the specimen; since we use an element deletion
scheme to impose this failure criterion, elements in the central re-
gion begin losing their ability to carry stress sequentially, opening
up a central cavity. This cavity can be observed in Fig. 16b. This
causes an immediate redistribution of stresses in the vicinity of
the cavity; the maximum principal stress contour plot in Fig. 16h
shows the concentration near the equatorial tips; at the polar tips,
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er. The triaxiality is one or larger at the equatorial tips, and below
one at the polar tips. Therefore, by the nature of the failure crite-
rion imposed, failure can only occur at the two equatorial tips. At
the polar tips, failure in the experiment occurs by void growth
(along the grain boundaries of the oriented grains), but the simula-
tions were not endowed with a capability to mimic this behavior.
The ﬁnal failure seen in this simulation (Fig. 16d) is quite similar
to the pattern observed in Fig. 7. The constitutive and failure mod-
els used in the present simulation are extremely idealized; never-
theless, the simulation has all the necessary ingredients to capture
the evolution of failure. We note that when traditional damage
models such as the Gurson–Tvergaard–Needleman model are used,
failure is generated along one of the shear bands, with the remain-
ing material in the necked region left at the strain level attained at
the onset of the shear band. In contrast, the present simulation,
with a strain-to-failure criterion shown in Fig. 12, replicates the ﬁ-
nal failure pattern quite well and points to the importance of two
aspects of the failure criterion: the use of local strain measure-
ments and the inhibition of failure by shear.
5. Summary and Conclusions
Ductile failure in oxygen-free high-conductivity copper has
been examined through uniaxial tension experiments. In order to
follow the deformation of the material, multiple tests were per-
formed and interrupted at different stages of overall deformation;
these specimens were sectioned, polished and etched to reveal the
evolution of strain at different positions in the specimen. The evo-
lution of grain-level deformation was quantiﬁed by measuring lo-
cal strain variations. As is typical of such ductile materials, plastic
deformation under uniaxial tension localizes into a neck; this is fol-
lowed by shear localization across the thickness section, with the
formation of shear bands oriented at an angle of 45 to the axis
of tension. At the central region, where the shear bands intersect
and the triaxiality is about unity, a rectangular prismatic cavity
was formed. With continued straining, the rectangular cavity ex-
panded in a self-similar manner. Scanning electron micrographs
of the fracture surface indicated the absence of void growth and
cleavage, suggesting alternating slip as the only mechanism for
expansion of the rectangular cavity. Surface texture development
was also observed in these specimens; microscopic examination
of the grain level strain evolution indicated that new surfaces were
generated by the alternating slip mechanism. Simple numerical
simulations are used to capture the observed deformation and fail-
ure mechanisms.
There are some very important conclusions that are derived
from this work, some that are speciﬁc to the material considered,
and others of more general applicability. First, large strain levels
were observed, with local logarithmic strain values lying in the
range of 2.5 to 3.5 in regions with different triaxiality. These mea-
surements were performed at the length scale of the grains and are
signiﬁcantly higher than the strain-to-failure obtained from strain
measurements based on characteristic specimen dimensions. The
general conclusion is that when applying strain-to-failure criteria
such as the Johnson–Cook in the element deletion models, one
should not rely on measurements of failure strains that are aver-
aged over characteristic specimen dimensions, but obtain local
strain measures. Secondly, no evidence of damage in the form of
distributed void nucleation was found even in the descending por-
tion of the force-elongation response; therefore this response is
attributable to plastic behavior of the material and structural local-
ization and not damage. Of course, at this stage, this is a material-
speciﬁc conclusion; detailed examination of each material isnecessary to determine if this conclusion is applicable in each case.
These results point to the need to exercise caution in applying
strain-to-failure and damage models to problems of ductile failure.
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